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ABSTRACT
Historical accounts of landslides induced by major storm events (1916, 1996) along the
Hickory Nut Gorge near Chimney Rock, North Carolina as well as a documented rockfall (2012)
along a portion of massive exfoliating cliff faces, and the empirical evidence of enormous
boulders scattered throughout the valley show that this part of the Blue Ridge is prone to
landslides. With so much tourism due to Chimney Rock State Park and Lake Lure, it is
imperative to gain a better understanding of the landslides in the Hickory Nut Gorge. This study
is a field-work based multi-methods approach to classify these landslide deposits by type based
on observable characteristics and geomorphic form and to discuss the processes by which they
form and, in particular, explore the historical storm events as well as other potential causes of
landslides near Chimney Rock. Field observations of geomorphic forms, deposit characteristics,
and topographic features demonstrate that only two landslide types and processes - rockfall and
debris flow are common with debris flow being dominate. Although rockfall dominates along
very steep to near-vertical upper slopes and cliffs, differences in deposit characteristics and
geomorphology suggest two types: 1) weathering-induced exfoliation and 2) seismicity. Based
on observed geomorphic features and weathering characteristics of debris flows, younger debrisflow channels are incised through older debris deposits as well as through terrace deposits,
indicating repetitive flow events during flooding. Major storm events occurred in 1916, 1994,
1996, 2008, and 2014 with the 1916 and 1996 events triggering multiple landslides. Antecedent
precipitation, including the timing of such precipitation, as well as storm event rainfall duration
appear to be the most critical rainfall characteristics which generate landslides in the Hickory
Nut Gorge. The most influential factors in the study area appear to be the moderate susceptibility
of the Henderson Gneiss, the steep slopes of the gorge, and human activity such as logging.
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1. INTRODUCTION
Chimney Rock in Rutherford County, North Carolina (Figure 1) is located along the Blue
Ridge Escarpment just east of the Blue Ridge Mountains and draws many tourists each year with
its massive cliffs of granitic gneiss overlooking Hickory Nut Gorge. Exfoliation along the cliffs
and large, deeply weathered, near-vertical joints are integral parts of the geological processes
that shape this scenic landscape. Indeed, in 2012 a rock fall along a cliff face traveled down the
cliff face to a small topographic bench where the angular debris, ranging in size from powder to
large boulders, now accumulates.
Below the spectacular cliffs of the Hickory Nut Gorge, the lower, steep slopes of the
gorge are littered with angular to somewhat rounded boulders along the valley and the river.
These deposits are also evidence of the role that landslides have had in shaping this Cenozoic
landscape. Landslides occur periodically in response to different triggering mechanisms such as
ongoing weathering, flooding, and possibly seismic activity.
Historical accounts show that numerous storm events occurred during the last century,
but two of these major storms (in 1916 and 1996) each resulted in widespread damage with
debris flows wiping out homes and roadways. Most notable, the 1916 flood killed seven people
and triggered an estimated 300 landslides throughout the valley which destroyed homes,
businesses, all bridges, and five of the seventeen miles of state highway 74. Bell (1916) stated
that “… nowhere was destruction more appalling, more sudden, and complete and loss of life
more horrible, than in the famous Bat Cave and Chimney Rock section”. Another major
destructive flood struck the region 80 years later in 1996 and caused flooding as well as
landslides (Justus, 2015). The Associated Press (1996) reported that “… a mudslide pushed a
house 150 feet down a mountain”. During this current study, an interview conducted with Ann
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Gaskey, the owner of Hickory Nut Falls Family Campground, detailed multiple slides in the area
that destroyed buildings and blocked roadways. While the 1916 and 1996 floods were the most
devastating, many other storm events have resulted in slides in the area such as in 1994 from
Tropical Storm Beryl (Morse Family Chimney Rock Park Collection, 2002), in 2004 from
Hurricanes Frances and Ivan (Justus, 2015), in 2008 as a result of Tropical Storm Fay (Blue
Ridge Now Times, 2008), and in 2014 from high precipitation (Gordon, 2014). Thus with the
area’s history of flood and landslide hazards, high precipitation events pose a threat to current
residents as well as visitors. Additionally, Reinbold and Johnston (1987) hypothesized that
seismic activity in 1874 might also have induced some landslides related to nearby Rumbling
Bald Mountain.
Objective
In a location with so much tourism due to Chimney Rock State Park and Lake Lure, it is
imperative to gain a better understanding of the landslides which pose a threat to the public here.
The purpose of this study is to gain a better understanding of landslide processes at work here to
improve understanding of the hazard present to this community. The aim is to classify these
landslide deposits by type based on observable characteristics and geomorphic form and to
discuss the processes by which they form and, in particular, explore the historical storm events as
well as other potential causes of landslides near Chimney Rock.
The objectives of this project are:
 To locate and classify landslide deposits throughout Hickory Nut Gorge,
 To differentiate these landslide types and processes based on field observations of deposit
characteristics, geomorphic form, and topographic features, and
 To investigate known historical storm events as well as other influential parameters.
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Historical Perspective of Landslides-hazard Mapping in North Carolina
The North Carolina Geological Survey Landslide Hazard Mapping Program began in
2005 as a result of the Hurricane Recovery Act of 2005 due to 2004 Hurricanes Frances and
Ivan. The purpose of the program was to create landslide-inventory and landslide-hazard maps
for 19 counties which were identified in the disaster declaration following those hurricanes.
However, inventory and mapping for only four counties, Macon, Watauga, Henderson, and
Buncombe, were completed before funding was cut in 2011 (Bauer and Fuemmeler, 2015).
According to a Smoky Mountain News article (Johnson, 2011), a State representative attributed
the funding cut to general government budget cuts; other interviews pointed to a misguided fear
of the mapping program itself. While the maps were neither tied to a regulatory agency nor
regulatory purposes and were neither promoted nor discouraged, realtors feared the possibility of
decreased property values and others claimed the program would lead to more property
regulation (Johnson, 2011). Termination of the mapping program triggered the creation of
Appalachian Landslide Consultants, PLLC, a private consulting firm which now offers landslide
mapping and site-specific evaluations across the region. This firm has since mapped portions of
Jackson and Haywood counties (Bauer and Fuemmeler, 2015).
While Rutherford County was not mapped through the program, the North Carolina
Geological Survey has identified landslide deposits in the area of Chimney Rock, however,
detailed research has not been conducted to date. Luckily, measures have been taken to warn
residents and visitors during flash flood events. Following the devastating 1996 flood event, a
grant was received from FEMA for an emergency warning system which consisted of nine
sirens, an automated telephone warning system and 50,000 brochures which explained the flash
flood hazard and the new warning system. This system is especially crucial in Chimney Rock
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and Lake Lure, whose high populations of seasonal residents and visitors may be unaware of the
flash flood history and hazard of the area (FEMA, 2004).
2. DATA AND FIELD METHODS
Landslide Classification and Process Differentiation Data and Methods
The landslide history and loss across the Hickory Nut Gorge region serve as the
justification for this study of landslide type and process. In this region, landslides appear to recur
in the vicinity of previous mass movement, hence locating existing slides is the first step in
delineating vulnerable areas and ultimately mitigating the hazard that they pose to both residents
and tourists.
Early geologic maps (Lemmon, 1973; Lemmon and Dunn, 1973) and a regional
compilation (Davis and Yanagihara, 1993) provided a bedrock geologic map of the area.
Previously collected unpublished landslide data in the area was provided by the North Carolina
Geological Survey (NCGS). Likewise topographic maps of the Bat Cave and Lake Lure
quadrangles were provided by the NCGS.
Field data were collected and consist of locations of deposits as well as deposit-attributes
such as: spatial expanse; clast size and lithology; weathering of clasts and matrix; thickness of
deposit where observable; and vegetation damage and/or unusual growth patterns. Interviews
with local residents were conducted and lead to the identification of unmapped landslides. Field
observations of deposit characteristics, collected for type classification, and field observations of
geomorphic features were collected as well. This includes drainage and incision patterns, eroded
scarp heights of deposit, slope changes, deposit shape, and other features. Vegetation
characteristics were also noted when changes associated with landslides such as scarring, fallen
or broken trees, and new growth were present. Nearby features such as cliffs, streams or water
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sources, and any unusual attributes were also noted. Information on local seismicity came from a
collection of historical accounts through letters, newspaper stories, and papers (Reinbold and
Johnston, 1987) which detailed destructive shaking events in the region.
Contour and elevation data generated from LIDAR such as contour lines, an elevation
grid, a hill-shading grid and a slope grid were acquired through the North Carolina Flood
Mapping Program (North Carolina Department of Transportation, 2015). Aerial imagery with 6inch spatial resolution was acquired from the NC OneMap Geospatial Portal (NC OneMap,
2015) for 2010.
Geological maps, known landslide data provided by the NCGS, collected field data, and
USGS topographical maps were used to locate landslide deposits. Through field work the
locations and spatial expanse of these deposits as well as their features were noted and drawn on
the topographical maps. Aerial imagery was used to confirm features observed in the field. These
deposits were classified into types when possible, based on the collected deposit characteristics
and known type classifications by Cruden and Varnes (1996).
Landslide type is classified based on the type of material and the type of movement in
accordance with the classification by Cruden and Varnes (1996). Landslides are described by
two nouns where the first describes the material (e.g., debris, rock, earth) and the second
describes the movement (e.g., flow, slide, fall). In some instances, landslides have multiple types
of movement and may be described as complex or composite. Complex landslides are defined
when at least two types of movement occur in sequence. Composite landslides are defined when
different movement types occur in different areas of the displaced mass, possibly simultaneously.
Older landslides may exhibit features such as: vegetation recolonization; erosion of the landslide
topography by drainage; and weathering of deposits. In this study, the type is determined by
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observation of features of the material found in deposits such as: sizes; orientation; shape;
distribution; and weathering as well as overall geomorphology of deposit mass.
The process leading to a landslide may have multiple causes. The four main causes are:
1) geological (e.g., weak rock-fabric or jointed materials);
2) morphological (e.g., tectonic uplift, fluvial erosion of toe);
3) physical (e.g., intense rainfall, freeze-and-thaw weathering); and
4) human (e.g., deforestation, excavation of toe) (Cruden and Varnes, 1996).
Landslides may have multiple causes, but they have only one triggering mechanism which
results in a specific slide event. Triggering mechanisms include intense rainfall, earthquakes,
volcanic eruptions, and rock and/or soil failure. Different landslides types are associated with
particular causes and triggering mechanisms. For example, debris flows are typically triggered
by rainfall (Wieczorek, 1996). Therefore, by determining the landslide types in the study area, it
is possible to then determine potential causes and triggers of the landslide process.
Upon determining the types, the topographically mapped deposits were then mapped
through ArcMap (Esri, 2014), with the spatial expanse of deposits delineated by polygons and
deposit characteristics stored in an attribute table. These deposit characteristics were then
combined with the field observations of geomorphic features in order to differentiate types and
processes. Observed geomorphic features such as incision and weathering characteristics were
interpreted for changes both among and within landslide types. Topographic features such as
gradient and changes throughout the deposits were observed and interpreted through the
collected contour and elevation data. Incision patterns, scarp heights, and weathering
characteristics were utilized to determine relative ages within debris flow complexes. Rock fall
mechanisms were differentiated through interpretation of slope, deposit material type, and spatial
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expanse, as well as differences in surface topography. Historical seismicity accounts were
interpreted alongside landslide deposits observed to have a potential seismic influence.
Historical Storm Events Data and Methods
The records from two storm events show landslides occurred in the study area in July,
1916 (Bell, 1916; Hiatt, 2015) and September, 1996. The Weather Bureau’s climatological
records for July 1916 (Denson, 1916) provide precipitation quantities throughout the region.
Storm models were obtained through the 20th Century Reanalysis Project (Compo and others,
2011) for both the July 1916 event and the September 1996 event. Utilizing interpolated monthly
sea-surface temperature and sea-ice concentration fields as boundary conditions and the NCEP
Global Forecast System model, 20th Century Reanalysis (version 2C) produces a dataset by
assimilating surface pressure and sea level pressure reports and observations from the
International Surface Pressure Databank. These data span from 1871 through 2014 with a 2degree spatial resolution (Compo and others, 2011). In addition to this 20th Century Reanalysis,
North American Regional Reanalysis (Mesinger and others, 2006) was also used for the
September 1996 event to model the storm’s location in relation to the study area. This reanalysis
uses the NCEP Eta model with 32 km/45-layer resolution along with the Regional Data
Assimilation System, assimilating significantly more variables, including precipitation
observations, than the 20th Century Reanalysis (Mesinger and others, 2006). For the September
1996 event, precipitation data was gathered from a NOAA report (Lott, 1996) and the National
Climatic Data Center 1996 Storm Data. Wooten and others (2016) discussed regionally similar
landslide events related to precipitation. These historical precipitation rates, quantities, and
threshold data were then combined with the interpreted landslide types and processes as well as
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their geomorphic and topographic features in order to assess which factors appear most
influential in the landslide process in Hickory Nut Gorge.
3. LANDSLIDE CLASSIFICATION AND PROCESS DIFFERENTIATION
Classification of Rockfall
Based on field investigation, deposit materials (Table 1) consisting of gravel to bouldersized, angular blocks of Henderson Gneiss with no matrix are interpreted and classified as
rockfall, which is defined as the detachment of rock from a steep slope with little to no shear
displacement where the material then descends through air by falling, rolling, or bouncing
(Cruden and Varnes, 1996). Figure 2 displays examples of this type of deposit. In some
instances, in close proximity to cliff faces, these blocks are elongated and sheet-like (Figure 3).
Further down slope, blocks that are less elongated and more massive were observed (Figure 4).
Rockfall deposits accumulate in piles as well as block fields. Upslope near the cliffs, blocks
typically displayed little signs of weathering. But moving downslope, material appeared to
progress in weathering, exhibiting signs such as slightly less angularity and more lichen growth.
Sediment collection along and between the base of these blocks might appear as deposit, but may
be the product of blocks catching finer-grained material from fluvial processes. Vegetation
damage such as fallen or scarred trees were occasionally observed near or below these deposits.
Geomorphology of Rockfall deposits
This deposit material was predominantly observed in the upper slopes of the valley near
and below cliff faces. Two different morphologies are associated with this type of deposit. The
first, and most common, was observed concentrated directly below cliff faces as piles of very
angular blocks with a range of sizes. Elongated, sheet-like blocks were observed in these
locations. These deposits often accumulated on bench-like surfaces (Figure 5), with multiple
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benches in some areas forming a step-like pattern. The other morphology occurred slightly
downslope, consisting of a scattered block field containing massive boulders. These blocks were
less angular in shape with break-faces atypical of those previously observed. These features
occurred along with a distinctly concave topography.
Rockfall Types
The two different morphologies of rockfall deposit suggest two mechanisms: exfoliation
with joints and possible seismicity. Figure 6 displays two locations of deposit found in the study
area which are examples of each type. The red deposit is an exfoliation rockfall. This type is
characterized by very angular, sometimes “sheet-like” blocks. The exfoliation interpretation is
based on the layer-like blocks observed in deposit as well as detachment surfaces in the cliff
faces which are indicative of exfoliation-weathering (Figure 3). Joints intersect these layer-like
blocks allowing for the formation of detachment surfaces. While this is predominantly driven by
gravity, freeze-thaw weathering also plays a role. Subhorizontal foliation of the Henderson
Gneiss combined with freezing and thawing of water within the joints mechanically weathers the
rock which eventually detaches and falls (Davis and others, 1997). This rockfall most frequently
occurs on and accumulates directly beneath very steep cliff faces on benches. Figure 6 outlines
the location of rockfall deposit from an event in November of 2012. A schematic geologic cross
section of the rockfall (Figure 7) from a report on the event by Wooten and others (2012)
displays the source of the rockfall as well as deposit accumulation. Figure 8 and Figure 9 display
damage from this event.
The green deposit in Figure 6 is a possible seismic rockfall. This type of rockfall is
characterized by scattered massive boulders which were less angular in shape with break-faces
atypical of those previously observed (Figure 10 and Figure 11). This type occurs slightly
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downslope from cliff faces in an area with a gentler slope and a more concave topographic shape
compared to the surrounding area. Both the scattered massive boulders and concave shape can be
observed in Figure 6. It is suggested here that a larger energy source would be needed to create
this kind of deposit, and historical accounts (Reinbold and Johnston, 1987) hint at earthquakes in
the area by detailing shaking events which began in 1874 near Rumbling Bald Mountain. In
addition to the descriptions of shaking and rumbling, there were also reports of explosive sounds
followed by rumbling noise. This is suggested to be rockfall as a secondary effect of the
seismicity. One account in this collection (Reinbold and Johnston, 1987) described “… a mass of
rocks, earth having been carried away. The depression at the top was greater, while the
successive jars had, under the action of the force of gravity, moved the mass downward, and had
forced the stream still further away from the hill” in association with felt shocks. This suggests
landslide activity as a product of these shaking events. These accounts demonstrate a possible
history of seismicity in this area, and this type of rockfall is thus interpreted as potentially
seismically induced rockfall.
Classification of Debris-Flow Deposits
Upon field investigation, the deposit-materials (Table 2) most commonly observed,
consist of gravel to boulder-sized rock fragments (clasts) of Henderson Gneiss with varying
amounts of soil (matrix). These deposits are predominantly interpreted and classified as debris
flows, which are defined as rapidly-moving, fluid masses of rock fragments and soil in which the
majority of materials are coarse in size or larger (Cruden and Varnes, 1996). Due to weathering
and erosion of some deposits, constricting confirmation of movement type, such interpretation is
open to include debris avalanche and debris slides as well. Based on historical account
descriptions, debris flows were the main type during the 1916 storm event.
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Figure 12 and Figure 13 display examples of these deposit materials found throughout the
study area. The majority (roughly 75%) of deposit located consisted of around 50% clasts and
50% matrix with slight variation. About 20% of the deposit consisted of around 75% clasts and
25% matrix (Figure 14) and the remaining 5% of deposit consisted of around 25% clasts and
75% matrix (Figure 15). In many deposits, only a portion of the matrix remained where it was
protected from weathering and erosion by larger clasts or boulders. This matrix was
predominantly coarse-grained with some fine-grained material. Matrix color ranged from brown
to tan to orange. Clast sizes ranged from a few inches to 40 feet. Most deposits consisted of
poorly sorted clasts (Figure 16) while some others consisted of similar sizes (Figure 17). Clasts
also ranged from well-rounded to angular, most commonly sub-angular. Varying degrees of
weathering were observed throughout these deposits. Some clasts had weathered to the point of
crumbling upon light pressure (Figure 18) while some were still solid, with variations in
between. Deposit depth ranged from a few feet to ~40 feet. Some deposits also contained fallen
or broken trees indicating recent activity (Figure 19). Occasionally trees were observed with
debris in the root system (Figure 20). With debris flows as the majority type observed, this
suggests precipitation as a key trigger in the study area.
Geomorphology of Debris-Flow Deposits
This deposit material dominated the lower slopes of the valley, but was also observed
upslope. It sometimes originated upslope under the lowest sections of cliff lines and most
frequently extended down to the Broad River. This deposit was found both in channels as well as
on hillslopes and ridges. Incision channels were frequently observed within these deposits.
Multiple locations showed more weathered deposits incised by channels containing less
weathered deposits, most notably observed along Chimney Rock Park Road (Figure 21) as well
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as in the Hickory Nut Falls Family Campground. Scarp heights along the channel slopes of these
weathered deposits were observed and changes appeared to correlate with a change in
weathering, increasing as the degree of weathering increased. In Hickory Nut Falls Family
Campground, scarp heights of 7 to 10 feet were observed with more weathered deposit and
decreased along slope as degree of weathering decreased (Figure 22 and Figure 23). In addition
to the incision, in some locations the more weathered deposit was overlain by less weathered
deposit. In other locations, less weathered deposit occurred directly downslope from the more
weathered deposit. Terraces were both incised and overlain by these deposits. Changes in the
amount of deposit that accumulated was locally different along the length of a channel. Within a
few observed channels, a section was scoured down to bedrock (Figure 24) despite deposit
occurring both upslope and downslope from these scour locations. Slope changes of channels
often were observed to correlate with termination of deposit amounts. In locations with very low
slopes, accumulation of deposit was high. In contrast, in some locations with steep slopes, the
channels consisted of scoured bedrock.
Debris Flow Processes based on Geomorphology and Topography
Throughout the study area, locations and descriptions of deposit were mapped
topographically. These areas of deposit and their classifications (Figure 25) illustrate the high
occurrence of debris flows in the study area. Although most commonly observed along lower
slopes, they appear in upslope locations as well. This figure also displays the higher frequency of
rock fall observed predominantly upslope near cliff faces (Figure 25).
The observation of weathering differences and morphological relationships suggests that
the less weathered, or younger, debris channels have incised through the more weathered, or
older, debris deposits as well as through terrace deposits. This indicates repetitive flow events
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over time during flooding. Based on these geomorphic factors such as incision channels, scarp
heights, geomorphic form, relation to fluvial terraces, and deposit weathering, relative ages of
flows have been interpreted and mapped for two locations in the study area. The first, Hickory
Nut Falls Family Campground (Location A on Figure 25), shows six relative ages of deposit as
well as a terrace deposit (Figure 26). These six deposit ages are designated as F1-F6, with F1
being the youngest deposit and F6 being the oldest deposit. The weathered F4 deposit (Figure
27) is exposed along the slightly modified scarp across this deposit adjacent to the younger
terrace deposit (Figure 28). Figure 29 shows the edge of F3 deposit overlaying the terrace
deposit. The scarp from atop the terrace deposit down to the river channel is shown in Figure 30.
The second location with interpreted relative ages is located along a section of the
Chimney Rock Park Road (Location B on Figure 25). This location showed two relative ages of
deposit, with F1 being younger and F2 being older (Figure 31). Road modification through this
location showed similar weathering characteristics of the F2 deposits on either side of the
incision channels which matched with the deposit and channels on the other side of the road
where the F2 deposit and F1 channels continued downhill. This deposit incision along the
roadway is shown in Figure 21.
Based on the mapped locations of debris flows, these deposits are often present alongside
changes in the surface topography. The lower extent of debris flow deposits were frequently
located in areas with lower, more gradual slopes. Figure 32 displays where locations of mapped
debris flow deposit frequently correlated with these lower gradient slopes. This predominantly
occurred within the middle to lower slopes of the valley, but was occasionally observed further
up slope. Slope changes of channels often were observed to correlate with changes in amount of
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accumulated deposit. Sections of channel scoured down to bedrock correlated with steeper
slopes. In contrast, as the slope along this channel decreased, deposition occurred.
Debris-flow initiation zones were observed in the upper, steeper slopes of the study area.
Wooten and others (2016) indicated that the majority of initiation zones for debris flows, in the
North Carolina Geological Society landslide database, occurred on concave slopes or hollows
and predominantly originated in colluvial soil although some originated in residual soil. The
initiation zones observed in the study area were slightly different. While most occurred within
concave slopes or hollows with soil, the originating material also consisted of rock fall. With
most debris-flow initiation zones occurring near the lower portions of rock-fall deposit zones,
these sites differ from the traditional initiation zones in the region. They appear to be a complex
of rock fall mixing with soil, blurring the lines between rock-fall deposit and debris flow (Figure
25). A process is suggested where rock fall accumulates alongside soil and debris within these
concave catchment areas, and upon a trigger such as precipitation, the flow initiates and travels
down slope. This is further evidenced by the frequency of massive boulders within the debrisflow deposit that is observed in the lower slopes of the valley. An example of where these
features were observed in the study area is displayed in Figure 33. This figure illustrates the area
of rockfall accumulation, where that rockfall coincides with the debris-flow initiation zone, and
the debris flow extending down to the lower slopes.
1916 Debris Flows
Information about two debris flows resulting from the 1916 storm was acquired through
the North Carolina Geological Survey, which worked with LuVerne Haydock, a local resident, to
locate landslides from the 1916 event. A 1920’s era photograph “Mountain View from Devils
Head Chimney Rock” (Figure 34) depicts two debris-flow deposits. Based on the characteristics
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of these deposits, the F1 deposits (Figure 26) likely occurred during this storm as well due to
their similar deposit characteristics and toe position relative to the flood plain. Although neither
of these deposits (Figure 34) reach the Broad River’s edge, boulders are evident throughout this
section of the river and shoreline. Red points have been placed on these boulders to show their
distribution (Figure 34). A large quantity of boulders is observed along the river below the
western deposit. A higher quantity is observed to the east, below a drainage channel with no
apparent 1916 activity. These boulder quantities and placement suggest that at least two debris
flows may have occurred here prior to the 1916 storm in order to have deposited them. The two
1916 debris flow deposits as well as these two suggested older deposits are depicted in Figure
35. With these two older debris-flow deposits extending to the river, their larger size may
suggest that an even greater storm occurred to generate them. In addition to these deposits, a
significantly lower slope is observed in this segment of the area, which may explain why the
1916 debris flows were deposited further away from the river while most deposits located
throughout the study area extended to the river’s edge. Also, the river’s course here appears to
have been deflected southward. These landscape features are consistent with being remnants of a
prehistoric landslide (Figure 35) dominated by fluvial processes with flood plain deposition.
Such older debris flows that predate 1916 as well as the landslide remnants suggest that large
storms causing destruction in this area may be repetitive events of varying scale.
4. HISTORICAL STORM EVENTS
A change in characteristics of the Broad River occurs eastward along Highway 74, near
Rutherford County. The river is joined by the waters of Reedypatch and Hickory Creek. East of
this confluence, the gradient begins to steepen, and large boulders dominate river bed (Figure
36). Over the two and a half miles between Bat Cave and Chimney Rock, the elevation decreases
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by around 400 feet. Just near the county line, a knickpoint marks an increase in gradient which
continues towards Chimney Rock. Eastward, the sides of the gorge steepen and the balds become
visible. These features of the west to east topographic changes of the Hickory Nut Gorge cause
the upstream waters to funnel through this valley, combining with flow from the steep mountain
sides. This has resulted in devastating flooding events numerous times throughout history in the
Hickory Nut Gorge. During the storm of September 1996, the effect was demonstrated when
waters rose from 2 feet to 20 feet in just three hours (Justus, 2015). Table 3 displays average
monthly and daily precipitation for the study area. Table 4 displays storm events in the Hickory
Nut Gorge region whose daily rainfall exceeded the 4.92 inches per day precipitation threshold
required to generate debris flows presented by Eschner and Patrick (1982). Based on the rainfall
characteristics of these storm events, it appears as though duration of rainfall and prior
precipitation are key in generating landslides in the Hickory Nut Gorge. The most notable events
occurred in July of 1916 and September of 1996. The disastrous July 1916 event resulted in
widespread destruction from not only flooding, but great landslides as well. Precipitation is the
likely key trigger because debris flows are the major type observed here. In addition to exploring
the landslides of the study area, storm-event remodeling was done to gain a better understanding
of the July 1916 storm as well as the September 1996 storm, both known to have caused
numerous landslides.
July 1916 Storm Event
Coming in on the heels of hurricane-related rainfall from July 8-10, a second hurricane
made landfall on July 14th and continued producing torrential rainfall through the 16th. This
storm event resulted in devastating flooding and landslides throughout the region. Large-scale
destruction from landslides within the Chimney Rock and Bat Cave area was estimated as 300
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slides (Bell, 1916). This stretch of the gorge was reported to have suffered the greatest damage
from landslides for this storm event. The cause of this uniquely high magnitude of landslides is
unknown. A potential explanation is an anomalously high precipitation amount in this area.
Based on the available weather station records, a map of 48-hour regional precipitation totals
was created for the state (Denson, 1916), digitized, and re-created (Figure 37) (Hiatt, 2015). The
study area lies within the range of 10 to 15 inches of rainfall over this 48-hour period. Because
Denson’s 1916 map was created using only those stations with recorded amounts, it is plausible
that values interpreted for the map could differ in areas where one of their stations was not
present, such as Chimney Rock. It was reported that the majority of rainfall and landslides for the
Chimney Rock area occurred on and throughout the night of the 15th (Bell, 1916), while the
majority of the precipitation for Altapass occurred on the 16th (Denson, 1916).
The Hydraulic Data Branch of the Tennessee Valley Authority (1958) published July
1916 estimated storm rainfall of the Upper French Broad Area, which lies just west of the study
area. This report gives a much higher rainfall estimate for the Hickory Nut Gorge area, which
may explain the large number of landslides. This map (Figure 38) estimates 22 inches of rainfall
in the study area. This report also states that the majority of rainfall occurred over a 12-hour
period on the night of July 15th. This rainfall quantity, in addition to antecedent moisture
conditions from the previous storm, provides an explanation for this anomalous magnitude of
landslides.
To remodel the storm event, utilizing the 20th Century Reanalysis Sub-Daily Maps and
Composites (Compo and others, 2011), maps of precipitation rates occurring from July 15-16,
1916 were created. The first was a composite mean of the precipitation rate over a 48-hour
period occurring from 1:00am CDT July 15th through 1:00am CDT July 16th (Figure 39). Next,
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the timeline of Bell (1916) was used to model the progression of the storm. 6 composite mean
precipitation rate maps were created; one for every 6-hour time interval from 7:00am CDT July
15th through 1:00pm CDT July 16th (Figure 40). In Figure 37, the highest rainfall rates occur in
the southwestern part of the state (containing the study area), which is in agreement with the high
amount of rainfall estimated by the Tennessee Valley Authority’s 1958 report. The progression
of the heaviest rainfall in Figure 38 is consistent with the timeline of Bell (1916), where the
majority of the rainfall in the study area occurred on and into the night of July 15th. However, is
it possible the trends in each of these maps most likely contain some degree of inaccuracy which
could be attributed to errors in the reanalysis or flawed interpretation of missing data in the
climatological records.
Another factor that may have influenced the threshold of precipitation required to
generate landslides in this area is decreased slope stability at the time due to deforestation.
Evidence of logging in Chimney Rock dates back to at least 1905, with J.B. Freeman harvesting
timber from Chimney Rock Mountain (Cole, 2008). Root strength decays exponentially after tree
removal, and replacement with shallowly rooted vegetation such as crops, grasses and shrubs
reduces apparent root cohesion, weakening the soil. Even with young trees growth, their roots
provide little root reinforcement compared to the root systems of mature trees (Schmidt and
others, 2001). By harvesting mature forests and decreasing the strength of the soil, logging prior
to 1916 may have increased the number of landslides resulting from this storm event.
September 1996 Storm Event
On September 4th, 1996, a flash flood resulted in 11 inches of rain in a 3-hour period in
the Hickory Nut Gorge. This was the result of a nearly stationary thunderstorm associated with
an upper level lower pressure system, and occurred just prior to Hurricane Fran on September 5th
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(Lott, 1996). This flash flood resulted in at least four debris flows in the study area, with one
destroying a house. To remodel this storm, precipitation-rate composite mean maps were created
for each 3-hour interval from 7:00 pm CDT to 1:00 am CDT on September 4th – 5th, 1996. This
set of maps was generated through 20th Century Reanalysis as well as North American Regional
Reanalysis (NARR). The results of the 20th Century Reanalysis (Figure 41) and NARR (Figure
42) show different spatial patterns for the timeline of the storm event. NARR results appear more
accurate based on reported location of the flash-flood event. The precipitation rates for the study
area are quite similar at 10:00pm CDT and 1:00am CDT, though not at 7:00pm CDT. 20th
Century Reanalysis shows a rate of about 27 mm/day while NARR shows a rate of .000092
kg/m2/s (about 8 mm/day). While 20th Century Reanalysis uses just surface pressure data to
generate models, NARR’s higher resolution model and increased number of assimilated
variables can produce a more accurate model. However, precipitation rates from both models are
low compared to the recorded amount of 11 inches (279 mm). A potential explanation for this is
a well-documented problem with modeling bias towards lighter precipitation events. Studies of
the performance of multiple models (Sun and others, 2006) and of NARR (Becker and others,
2009) both found that the intensity of rainfall during heavy precipitation events was frequently
underestimated. In particular, extreme precipitation was often underestimated by NARR in the
eastern half of the United States during the summer (Becker and others, 2009).
The debris flows triggered by this flash flood suggest that precipitation reached the
threshold needed to generate debris flows in the study area. This threshold value of 11 inches in
3 hours (3.67 inches per hour) is well above the 4.92 inches per day threshold presented by
Eschner and Patrick (1982). Despite this high intensity, the duration of precipitation as well as
the number of debris flows was low in comparison with the 1916 event. While intensity is an
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important factor, this potentially suggests that duration of precipitation as well as prior
precipitation may be more critical for generating debris flows in the study area. However, the
precipitation which occurred in the 30 days prior to this event was high in comparison with the
1916 event. But, the timing of the prior precipitation was different between the two storms.
Figure 43 shows daily precipitation for the 30 days prior to the 1916 and 1996 events. While
precipitation prior to the 1996 event was spread out over the 30 days, the majority of the 1916
prior precipitation occurred in the week before the event. This may suggest that the timing of
prior precipitation is a key influence. It is also possible that, based on this high precipitation rate
producing few debris flows, the precipitation threshold needed to generate debris flows in the
study area may have been higher during this time period. A potential explanation for this may be
the discontinuation of logging in the area. However, true comparison is a challenge when
multiple factors influence the precipitation threshold for debris flows such as human
modification of slopes (Wooten and others, 2016).
Historical Regional Storm Events
Numerous events of heavy rainfall and subsequent devastating landslides have occurred
throughout North Carolina and Virginia. The rainfall, number of landslides, and influential
factors involved in the 1940 event in Watauga County, North Carolina, Hurricane Camille in
1969 in Nelson County, Virginia, and the 1995 event in Madison County, Virginia were
compared with the historical events of the Hickory Nut Gorge. Each of these events occurred in
lithologically similar crystalline bedrock of the Blue Ridge. In addition to this, the locations of
these four events all correspond with the Blue Ridge Escarpment which is susceptible to debris
flows due to the high relief, steep slopes, and highly dissected structure. Greater rainfall totals
observed along the Blue Ridge Escarpment compared with surrounding regions have often
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shown the orographic lifting effect of this area’s steep topography (Wooten and others, 2016).
These similarities allow for comparison among these events to determine principal influences in
the study area.
During August of 1940, hurricane remnants produced 13.4 inches of rainfall, with 10
inches occurring over a 6-hour period, in Watauga and surrounding counties in the Blue Ridge
Mountains of North Carolina (Wieczorek and others, 2004). 2,120 landslides were identified to
have resulted from this storm with 2,099 occurring in Watauga County, with the majority of
these in the southeast Deep Gap area as well as a mountainous area in the northwest part of the
county. Concentrations of debris flows in these areas occurred in highly dissected areas with
granitic gneiss bedrock (Wooten and others, 2008).
In August of 1969, Hurricane Camille resulted in 28 inches of rainfall over the course of
8 hours (Williams and Guy, 1973). This storm produced a total of 5,377 landslides throughout
the Central Appalachians, the Blue Ridge Mountains, and the Piedmont (Wooten and others,
2016). The majority of these landslides occurred in Nelson County, Virginia, where Gryta and
Bartholomew (1989) concluded that aside from rainfall, the two major factors contributing to
debris flow initiation were topographic relief and bedrock lithology. Locations of steep
topography, which are a function of the bedrock’s resistance to weathering, were more
susceptible to debris flow initiation. However, within these regions of steep topography with
heavy rainfall, the majority of debris flows occurred in foliated, biotite-rich, monzonite of the
Lovingston massif compared to the massive, less foliated AMCG-suite of rocks of the adjacent
Pedlar massif. Yet areas with this same foliated, biotite-rich monzonite suite and heavy rainfall
but lower relief did not undergo the same high debris-flow occurrence. This illustrates the
importance of the intersection between steep topography and highly susceptible lithology in
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debris-flow initiation (Gryta and Bartholomew, 1989). The majority of bedrock throughout
Chimney Rock is Henderson Gneiss, a granitic to monzonitic gneiss (Lemmon, 1973) with
subhorizontal foliation. This foliation as well as a lower biotite quantity than the rocks of the
Lovingston Massif contribute to what is most likely a moderate susceptibility. In addition to the
Henderson Gneiss, some areas of high elevation are capped by the Poor Mountain Formation.
This formation is comprised of a garnet-mica schist and quartzite in the lower unit and an
amphibolite-amphibolite gneiss in the upper unit (Lemmon and Dunn, 1973). The resistant
quartzite of the lower unit may shield the underlying Henderson Gneiss from weathering and
erosion. The contact between the Poor Mountain Formation and Henderson Gneiss generally lies
at the top of the balds along the mountain sides, and the majority of rockfall occur along these
bald faces. While these caps may be protecting the Henderson Gneiss here from the weathering
and erosion that generates debris flows directly, they may instead contribute to increased
rockfall.
On June 27, 1995, severe rainstorms over the Blue Ridge Mountains of Virginia resulted
in 24.8-30.3 inches of rainfall over a 16-hour period causing flooding and debris flows in
Madison County (Morgan and others, 1997). Six hundred and twenty-nine were found in both
Madison County (Morgan and others, 1999; Wooten and others, 2016) and Greene County
(Wooten and others, 2016). Bedrock lithology was found to have minimal to no effect on debris
flow channels resulting from this storm. Bedrock here consists of massive to layered granitic
gneisses generally lacking biotite foliation. This study concluded that the most critical factors
leading to landslide development included rainfall intensity and amount, hill slope steepness, and
pre-existing stream channel drainage of these slopes (Morgan and others, 1997). According to
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Pontrelli and others. (1999), the heavy rainfall occurring during this storm was likely due to
orographic lifting from the steep topography of the area.
Variation in slope influenced debris flow processes in Madison County during this event
(Wieczorek and others, 2000). Erosion dominated on channel gradients steeper than 12 degrees
and below 10 degrees deposition was dominant. In addition to this, slopes between 26 and 34
degrees were identified as most susceptible to debris flow initiation. Fewer failures were
observed in slopes above 35 degrees, most likely due to thinner colluvium. Deposits terminated
at a mean slope of about 6 degrees (Wieczorek and others, 2000). Similar patterns in debris flow
processes were observed in the study area. Figure 44 shows outlines of debris flows in the study
area with slope intervals for every 10 degrees. Debris flows were most frequent along slopes
consistent with those observed in Madison County with initiation zones often in the 30 to 40
degree range. However, the steepness of debris flows located directly underneath the cliff faces
of Chimney Rock Mountain ranged from 40 to 50 degrees. Deposition dominated on slopes of 10
degrees or less and observed toe deposits also occurred in this range. These toe deposits were
observed more often in the eastern section of the study area compared to the western section.
This is perhaps due to the gradient change of the Broad River as it flows from west to east. The
steeper gradient in the western section may have resulted in heavier erosion of the deposit toes.
In addition to the roles of geology and topography of these areas as important influential
factors in landslide development, rainfall acts as a crucial trigger. Figure 45 illustrates a rainfall
intensity-duration threshold curve for the central Blue Ridge of Virginia (Wieczorek and others,
2000) which displays the rainfall and presence of debris flows in Madison County and
Moorman’s River during the 1995 event, Nelson County during Hurricane Camille in 1969, and
Madison County during Hurricane Fran in 1996, which occurred immediately after the 1996
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flash flood event in the study area. Added to this graph for the purpose of this study was the
rainfall intensity and duration of the 1940 event in Watauga County, the 1996 event in the study
area, and two different values for the 1916 event in the study area. These two values represent
the estimated amount of 22 inches over the duration of 12 hours and then 24 hours as an
estimated range based on historical descriptions of the storm event. The three added storm events
align well with the range of original values. Rainfall rates range from high intensity over short
duration to a lower intensity over a longer duration. The intensity and duration values for these
events were grouped (Figure 45) to highlight patterns in the type of rainfall which contributed to
each storm’s resulting landslides. The rainfall and resulting number of landslides of the 1916
event in the study area appear most similar to those of Madison County in 1995. For the 1996
flash-flood event in the study area, despite a high intensity of rainfall, very few landslides
resulted in comparison with the other events. This further suggests that for the Hickory Nut
Gorge, rainfall duration may be more critical in generating landslides. In addition to this, the
antecedent precipitation and logging of the 1916 event most likely contributed to that large
number of landslides.
The unique rainfall of each storm event combines with the local geological and
topographical features to create each location’s specific landslide response. Through comparing
the features of the landslide-inducing storm events in the study area with these three other events,
principal influences appear to be the moderate susceptibility of the Henderson Gneiss, steep
slopes of the gorge, and rainfall both during and prior to the event. In addition to this, human
activities such as logging may contribute to the combination of factors required to generate
landslides in the Hickory Nut Gorge.
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5. CONCLUSIONS
The two main types of landslide deposit observed in the study area consist of debris flow
and rockfall. Debris flow is the most abundant type of landslide deposit in the study area. Based
on observed geomorphic features and weathering characteristics, younger debris-flow channels
are incised through older debris deposits as well as through terrace deposits, indicating repetitive
flow events during flooding. Channel incision and debris deposition dominate erosion and
deposition throughout the lower slopes of the river valley. The amount of deposit accumulation
within debris channels is influenced by changes in the slope of the channel. It was observed that
with an increase in slope, scouring or less accumulation occurred and with a decrease in slope,
more deposit accumulated. Debris-flow deposit appeared to alter the surface topography, with
mapped locations of deposit often correlating with more gradual slope gradients compared to
other areas. Debris-flow initiation zones were located in the steep upper slopes of the valley.
These catchments areas differ from those frequently observed in the region, containing large
quantities of rock fall in addition to soil. These initiation zones coincide with accumulation zones
of rock fall, resulting in a complex of the two types. A process is suggested where rock fall
accumulates alongside soil and debris and upon a trigger such as rainfall, the flow initiates and
moves into the lower slopes of the valley.
Up-slope from the gorge, toward the cliffs, rock fall becomes the dominate type of
landslide. There are two observed mechanisms of rock fall in the upland. The first, and most
common, is rock fall driven by exfoliation weathering. This rock fall appears to accumulate on
benches below the cliffs, with multiple benches in some areas suggesting a step-like pattern. The
second observed rock fall mechanism is potentially the result of seismicity. This deposit appears
as concave topography containing boulder fields. The boulders present are massive in size with
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break faces atypical of the exfoliation pattern previously observed. The energy required to
produce this large deposit may come from a larger source such as the seismicity which struck the
region in the late 1800’s.
With debris flow being the dominant type of landslide in the study area and the history of
storm events in July of 1916 and September of 1996 resulting in landslide activity, precipitation
is suggested as the main trigger. Precipitation was collected and remodeled for these two events.
The rainfall and resulting landslide activity were compared with magnitudes of precipitation and
landsliding associated with other storm events in the region. Antecedent precipitation, including
the timing of such precipitation, as well as storm event rainfall duration appear to be the most
critical rainfall characteristics which generate landslides in the Hickory Nut Gorge. The most
influential factors in the study area appear to be the moderate susceptibility of the Henderson
Gneiss, the steep slopes of the gorge, and human activity such as logging.
In conclusion, from the local geology, geomorphology and topography to the weather and
human activity, a wide variety of factors are at work in the study area. Each plays an important
role in the generation and evolution of landslides in the Hickory Nut Gorge. It is apparent that
the precipitation events which trigger debris flows in the Hickory Nut Gorge are repetitive, and
contribute to the vulnerability of this community. By investigating these landslide types and their
processes, this study delineates vulnerable areas and provides the community with knowledge
that can be utilized to mitigate the hazard which these landslide-inducing storm events may pose
in the future.
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Appendix A
Figures/Tables

Figure 1: Map of Hickory Nut Gorge and Chimney Rock. Contour interval is 100 feet.
Topographic contours provided by the North Carolina Flood Mapping Program through the
NCDOT (2015).

31

Table 1: Summary of rockfall field observations
Rockfall
Deposit
Mechanism Lithology

Shape of
Deposit

Exfoliation

Angular,
Henderson
sheet-like
Gneiss
blocks

Possible
Seismicity

Subangular
Henderson to
Gneiss
subrounded
blocks

Detachment
Surface

Slope
Weathering
Characteristics

Figures of
Observed
Deposit

Gravel to
bouldersized

Planar (see
Figure 3)

Deposited on
benches
under steep
cliff faces

Little to
none

2,3,5,8,9

Massive
boulders

Uneven
break-face
(see Figure
10)

Deposited on
gentle slope in
concave
topography

Moderate
(less
angular,
more lichen
growth)

4,10,11

Size of
Deposit
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Figure 2: Examples of rockfall observed in the study area. Left photo: 35o26’02.91” N, 82o 15”10.11” W Right photo: 35o26’12.16”
N, 82o15’25.54” W
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Figure 3: Elongated, sheet-like blocks. 35o27’02.89” N, 82o13’04.26” W
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Figure 4: Massive, less-elongated blocks observed downslope. 35o26’01.39” N, 82o14’56.25” W

35

Figure 5: Accumulation of deposit on bench beneath cliff face. 35o26’00” N, 82o15’33.55” W

36

Figure 6: Red outline indicates an example of exfoliation rock fall and green outline indicates
example of seismic rock fall. Contour interval is 20 feet. Topographic contours provided by the
North Carolina Flood Mapping Program through the NCDOT (2015). Aerial photography (2010)
provided by NC OneMap.

37

Figure 7: Schematic geologic cross section depicting the rockfall source area, boulder deposit,
and debris slide of the November 14, 2012 rockfall. Derived from Wooten and others, 2012.

38

Figure 8: Downslope damage and debris below Hickory Nut Falls Trail from 2012 rock fall.
35o26’06.77” N, 82o15’19.13” W

Figure 9: Middle of debris track, facing upslope towards head of the 2012 rock fall from Hickory
Nut Falls Trail. 35o26’06.77” N, 82o15’19.13” W
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Figure 10: Rock face from which large boulders broke off and traveled at least 120 meters
downhill. 35o26’00.64” N, 82o14’56.74” W
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Figure 11: Facing downslope, boulder in distance appears to have broken off of rock face in Fig.
29 (boulder height 5 meters) 35o26’00.64” N, 82o14’56.74” W
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Table 2: Summary of debris flow field observations
Clast
Lithology

Clast Shape

Wellrounded to
Henderson
angular,
Gneiss
mostly
subangular

Clast Size

Matrix Size

Gravel to
bouldersized

Coarse with
minor finegrained
material

Deposit
Depth

Figures of
Geomorphological
Weathering Observed
Characteristics
Deposit

Few feet to
40 feet

Dominated lower
slopes, incision
channels and
scarp heights
related to
weathering
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None to
severe
(clasts
crumbling)

12-23, 2730

Figure 12: Deposit showing range of clast sizes within matrix. 35o26’44.98” N, 82o16’28.35” W

Figure 13: Deposit illustrating clasts within matrix. 35o25’49.81” N, 82o14’49.09”W
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Figure 14: Deposit displaying around 75% clasts and 25% matrix. 35o26’41.62” N, 82o15’49.84”
W

Figure 15: Example of deposit that has a larger quantity of matrix. 35o26’05.7” N, 82o15’19.12”
W
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Figure 16: Example of deposit containing multiple sizes of clasts. 35o25’49.57” N, 82o14’52.54”
W

Figure 17: Example of deposit containing similar sized clasts. 35o26’04.72” N, 82o15’08.25” W

45

Figure 18: Extremely weathered clast surrounded by matrix. 35o26’32.95” N, 82o15’59.33” W
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Figure 19: Deposit channel containing fallen trees. 35o26’44.9” N, 82o16’14.33 W
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Figure 20: Tree with debris in root system. 35o25’57.19” N, 82o14’56.94” W

Figure 21: Two channels of less weathered deposit have incised through ridges of more
weathered deposit. 35o25’49.19” N, 82o14’52.33” W
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Figure 22: Upslope view of scarp heights in Hickory Nut Falls Family Campground.
35o26’25.22” N, 82o15’23.73” W

Figure 23: Downslope view of scarp heights in Hickory Nut Falls Family Campground.
35o26’24.84” N, 82o15’23.80” W
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Figure 24: Scoured bedrock in channel. 35o25’57.25” N, 82o14’40.96” W
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Figure 25: Classification of topographically mapped deposit observed in the study area. Location A refers to the Hickory Nut Falls
Family Campground and location B refers to the Chimney Rock State Road. Aerial Photography (2010) provided by NC OneMap.
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Figure 26: Relative ages (Youngest represented as F1 through oldest represented as F6) within
debris flow complex in the Hickory Nut Falls Family Campground. Shaded relief map provided
by the North Carolina Flood Mapping Program through the NCDOT (2015) (Location A on Fig.
25).
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Figure 27: Weathered F4 deposit located adjacent to parking lot. 35o26’25.90” N, 82o15’23.53”
W

Figure 28: Scarp (slightly modified by humans) across F4 debris flow deposit adjacent to
younger fluvial terrace deposit (paved parking area). 35o26’26.12” N, 82o15’23.43” W
53

Figure 29: Edge of F3 deposit overlaying terrace deposit. 35o26’26.33” N, 82o15’26.23” W

Figure 30: Scarp from top of fluvial terrace deposit down to river channel (height is 4 meters).
35o26’26.38” N, 82o15’28.59” W
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Figure 31: Relative ages (F1 as youngest and F2 as oldest) within debris flow complex along the
Chimney Rock Park Road. Contour interval is 4 feet. Topographic contours provided by the
North Carolina Flood Mapping Program through the NCDOT (2015) (Location B on Fig. 25).

.
Figure 32: Debris flow deposit frequently correlated with lower gradient slopes. Contour interval
is 20 feet. Topographic contours and shaded relief map provided by the North Carolina Flood
Mapping Program through the NCDOT (2015).
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Figure 33: Location in study area of rockfall accumulation (blue), where that rockfall coincides
with the debris-flow initiation zone (mix of blue and green), and the debris flow extending down
to the lower slopes (green). A process is suggested where rock fall accumulates alongside soil
and debris within concave catchment areas, and upon a trigger such as precipitation, the flow
initiates and travels down slope. Topographic contours provided by the North Carolina Flood
Mapping Program through the NCDOT (2015). Aerial photography (2010) provided by NC
OneMap.
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Figure 34: A) 1920’s era photograph “Mountain View from Devils Head Chimney Rock” (EM
Ball Collection N932 UNC-Asheville). depicting two debris flow deposits from the 1916 storm
event. B) Photo with added red points displaying boulder density in river channel which is
outlined in blue. Photograph and description of content courtesy of LuVerne Haydock in
collaboration with the North Carolina Geological Survey.
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Figure 35: A) 2010 aerial photograph of 1916 debris flows in Fig. 33 without polygons depicting deposit. B) 1916 debris-flow
polygons in purple, older debris flows in blue, and older landslide in green. Red points represent boulder density and distribution in
river channel. C) Smaller-scale version displays abrupt change in river course as a result of deposit. Contour interval is 20 feet.
Topographic contours provided by North Carolina Flood Mapping Program through the NCDOT (2015). Aerial photography provided
by NC Onemap.
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Figure 36: Map displaying confluence of Hickory and Reedypatch creeks with Broad River to
the west of the Hickory Nut Gorge, where the stream gradient of the Broad River increases as it
flows east through the Hickory Nut Gorge, and the location of Chimney Rock.
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Table 3: Average monthly and daily precipitation for the Hickory Nut Gorge (NOAA, 2016)
Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Average
Monthly
(inches)

4.29

4.66

4.67

4.34

4.18

5.08

5.53

5.9

5.12

4.59

4.37

4.25

Average
Daily
(inches)

0.14

0.16

0.16

0.14

0.14

0.17

0.18

0.2

0.17

0.15

0.15

0.14
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Table 4: Rainfall, duration, and prior rainfall over 30 days and reported landslides for storm
events in the Hickory Nut Gorge region whose daily rainfall exceeded the 4.92 inches per day
precipitation threshold required to generate debris flows presented by Eschner and Patrick (1982)

Event Date

Rainfall
(inches)

Prior rainfall
over 30 days
(inches)

Duration
(hours)

Landslides
reported

References

7/1516/1916

22

12 -24

9.4

Estimated
300

Bell (1916),
Tennessee
Valley Authority
(1958), NOAA
(2016)

8/28/1949

5.13

24

8.24

None

NOAA (2016)

9/6/1987

4.95

24

1.71

None

NOAA (2016)

8/28/1989

6

24

2.14

None

NOAA (2016)

8/1617/1994

10

48

3.78

1

Morse Family
Chimney Rock
Park Collection
(2002), NOAA
(2016)

8/27/1995

4.98

24

6.39

None

NOAA (2016)

9/4/1996

11

3

15.85

4

Lott (1996),
NOAA (2016)

9/7-8/2004

9.23

24

2.33

None

Justus (2015),
NOAA (2016)

8/2627/2008

11

48

0.8

1

Blue Ridge Now
Times (2008),
NOAA (2016)

6/29/2014

4-5

24

4.64

Few

Gordon (2014),
NOAA (2016)
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Figure 37: Total Precipitation over a 48 hour period for the July 1916 storm event (Hiatt, 2015).
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Figure 38: Isohyetal lines of estimated rainfall (inches) from the July 1916 storm (derived from
Tennessee Valley Authority, 1958). Blue star indicates location of Chimney Rock.
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Figure 39: Composite mean of precipitation rate for 48 hours from July 15th through July 16th
generated by 20th Century Reanalysis (Compo and others, 2011).
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Figure 40: Model of storm progression A) 12z or 7:00 am CDT on July 15th B) 18z or 1:00 pm
CDT on July 15th C) 0z or 7:00 pm CDT on July 15th D) 6z or 1:00 am CDT on July 16th E) 12z
or 7:00 am CDT on July 16th F) 18z or 1:00 pm CDT on July 16th (Compo and others, 2011).
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Figure 41: 20th Century Reanalysis of September 1996 storm event at 0z (7:00pm CDT on
September 4th), 3z (10:00pm CDT on September 4th), and 6z (1:00am CDT on September 5th)
(Compo and others, 2011).
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Figure 42: North American Regional Reanalysis of September 1996 storm event at 0z (7:00pm
CDT on September 4th), 3z (10:00pm CDT on September 4th), and 6z (1:00am CDT on
September 5th) (Mesinger and others, 2006)
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Figure 43: Graph of daily rainfall for the 30 days prior to the July 1916 event and September 1996 event (NOAA, 2016).

68

Figure 44: Debris-flow deposits outlined in red with slope map in intervals of 10 degrees. Slope map provided by the North Carolina
Flood Mapping Program through the NCDOT (2015).
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Figure 45: Rainfall intensity-duration threshold graph adapted from Wieczorek and others, 2000. Added in (red) are values for the
1940 event in Watauga County (Wieczorek and others, 2004), the 1996 event in the study area (Lott, 1996), and the lower and higher
rates for the 1916 event in the study area (Tennessee Valley Authority, 1958). Also added in (blue points) are plotted rates from all
other events in Table 1. Data for the Madison County, June 27, 1995 event are grouped together and outlined in orange. Data for the
Nelson County, Hurricane Camille event in August, 1969 are outlined in blue, and the data for Moorman’s River on June 27, 1995 is
outlined in green.
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Appendix B
Debris Flow Database for Figure 25

FID

Collection
Date

Movement
Date

Material
Type

0

11/26/2015

n/a

Debris

Movement
Type
Flow or
Slide

1

11/26/2015

n/a

Debris

2

11/26/2015

n/a

3

11/26/2015

4

Weathering

Notes

Slight

Small-10/15ft bldrs, tan/LB matrix, 30-40ft thick

Flow

Slight to none of clasts

Mostly clasts

Debris

Flow

Slight to none of clasts

Mostly clasts

n/a

Debris

Flow

Mostly clasts

10/12/2015

n/a

Debris

Flow

Down trees, clasts sml-bldr in drng, matrix in slopes

5

10/12/2015

n/a

Debris

Flow

Slight to none of clasts
Slight to none of clastsmatrix eroded?
Slight to none of clastsmatrix eroded?

6

10/12/2015

n/a

Debris

Flow

Clasts slightly eroded

Large boulders on ridge

7

10/12/2015

n/a

Debris

7/27/2015

9/4/1996

Debris

Clasts slightly eroded
Clasts-none, matrix fairly
eroded away

Small-boulders throughout hillslope

8

Flow
Flow or
Avalanche

Down trees, wthd old deposit in channel sides

9

11/25/2015

n/a

Debris

Flow

Little to none of clasts

Boulders within matrix, thick deposit

10

11/25/2015

n/a

Debris

Slight

Boulders within matrix, 30/40 ft thick

11

10/12/2015

n/a

Debris

Flow
Flow or
Slide

Slight

Boulders within matrix, thick

12

11/24/2015

n/a

Debris

Complex

Slight

Boulders, mix with rockfall

13

10/12/2015

n/a

Debris

Flow

Some matrix eroded away

Small,medium,large clasts half buried downslope

14

10/12/2015

n/a

Debris

Flow

Medium-large clasts, huge upslope

15

10/10/2015

n/a

Debris

Slide

Slight
Clasts little, some matrix
eroded

Small clasts to massive bldrs, matrix throughout

16

10/10/2015

n/a

Debris

Slight

Recent-sourced from NCGS

17

10/12/2015

n/a

Debris

Flow
Flow or
Slide

Clasts moderately

Small,medium,large clasts, light tan matrix

18

11/24/2015

n/a

Debris

Flow

Slight

Small, medium, large clasts

19

11/26/2015

n/a

Debris

Flow

Little of clasts

Small,medium,large clasts within matrix
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Down trees, small-boulder in drainage

20

11/26/2015

n/a

Debris

Flow

Slight

Medium clasts

21

11/26/2015

n/a

Debris

Flow

None to slight

Sourced from NCGS

22

11/24/2015

n/a

Debris

Flow

None to slight

Trees down, mostly small-large clasts, Rainbow Falls

23

11/24/2015

n/a

Debris

Flow/Slide

None to slight

Small-large clasts, below rockfall

24

11/26/2015

n/a

Debris

Flow

Slight

Thick deposit of clasts and matrix

25

11/26/2015

n/a

Debris

Flow

Slight

Thick deposit of clasts and matrix

26

11/26/2015

n/a

Debris

Flow

None to slight

Small-medium clasts within matrix

27

11/26/2015

n/a

Debris

Slide

Clasts moderately

Small-medium/large clasts within matrix

28

10/13/2015

n/a

Debris

Flow

Slight

Small-medium clasts within matrix

29

10/13/2015

n/a

Debris

Flow

None to slight

Small-large clasts, large near batcave

30

10/12/2015

n/a

Debris

Flow

Clasts- moderately to very

Small-medium clasts within light brown matrix

31

10/12/2015

n/a

Debris

Flow

None

Small clasts with little matrix, below scoured

32

10/12/2015

n/a

Debris

Flow

Slight

Small-medium clasts

33

10/12/2015

n/a

Debris

Flow

Slight

Small-medium clasts

34

10/12/2015

n/a

Debris

Flow/Slide

Slight

Medium clasts within matrix, very thick

35

10/12/2015

n/a

Debris

Flow

Slight

Small-medium clasts

36

10/12/2015

n/a

Debris

Flow/Slide

Clasts-moderately

Medium clasts within matrix

37

10/12/2015

n/a

Debris

Flow/Slide

Slight

Medium clasts within matrix

38

10/12/2015

n/a

Debris

Flow/Slide

Clasts-moderately

Med clasts within matrix

39

10/11/2015

n/a

Debris

Flow

None

Small-medium clasts

40

10/11/2015

n/a

Debris

Flow

Slight to moderate

Small-large clasts in matrix, relative ages

41

10/11/2015

n/a

Debris

Flow

Matrix eroded in channel

Small,med,large clasts, matrix along channel slopes

42

10/11/2015

n/a

Debris

Flow

Slight

Small,medium clasts within matrix

43

10/11/2015

n/a

Debris

Flow

Slight

Small,medium clasts within matrix

44

10/11/2015

n/a

Debris

Flow

Matrix eroded

Sml-med clasts

45

7/27/2015

9/4/1996

Debris

Flow

Matrix eroded

Sml clasts within matrix, damage

46

10/11/2015

n/a

Debris

Flow

Clasts-slight

Small,medium clasts within matrix

47

10/11/2015

n/a

Debris

Flow

Slight to moderate

Small,medium clasts within matrix

48

11/26/2015

n/a

Debris

Flow

Slight

Small,medium clasts within matrix

49

11/25/2015

n/a

Debris

Flow

Slight

Small,medium clasts within matrix
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50

11/25/2015

n/a

Debris

Flow

None

Small-large clasts, little matrix

51

11/25/2015

n/a

Debris

Flow

Slight

Small-large clasts, some matrix

52

11/25/2015

n/a

Debris

Flow

Slight to moderate

Small,medium clasts within matrix, older

53

11/25/2015

n/a

Debris

Flow

None

Small-medium clasts in channel

54

11/25/2015

n/a

Debris

Flow

Clasts-slight to moderate

Sml-med clasts in org/red/tan matrix

55

11/25/2015

n/a

Debris

Flow

None

Small-medium clasts in channel

56

11/25/2015

n/a

Debris

Flow

Slight

Small-large clasts with matrix

57

11/25/2015

n/a

Debris

Flow

None

Mostly small clasts

58

11/25/2015

n/a

Debris

Flow

None

Small-large clasts with matrix

59

11/25/2015

n/a

Debris

Flow

None to slight

Small,medium clasts with matrix

60

11/25/2015

n/a

Debris

Flow

None to slight

Matrix sandy/silty light br/yellow

61

11/25/2015

n/a

Debris

Flow

Clasts-slight

Small-large clasts with matrix

62

10/13/2015

n/a

Debris

Flow

Clasts-slight

Small-large clasts within matrix

63

10/13/2015

n/a

Debris

Flow

Clasts-slight

Small-large clasts within matrix

64

10/13/2015

n/a

Debris

Flow

Slight

Large clasts

65

11/26/2015

9/4/1996

Debris

Flow

Matrix eroded

Small,medium,large clasts

66

11/26/2015

n/a

Debris

Flow

Clasts-slight

Medium clasts in matrix

67

11/25/2015

n/a

Debris

Flow

Slight

Small,medium clasts w/brown matrix intact

68

11/25/2015

n/a

Debris

Flow

Clasts-slight

Clasts in channel

69

11/25/2015

n/a

Debris

Flow

Slight to none

Small,medium,large clasts w/ matrix

70

10/13/2015

n/a

Debris

Flow/Slide

Slight

Small,medium,large clasts within matrix

71

11/25/2015

n/a

Debris

Flow

Slight

Small,medium,large clasts within matrix

72

10/13/2015

n/a

Debris

Flow

Slight to moderate

Small,medium,large clasts w/ matrix

73

10/13/2015

n/a

Debris

Flow/Slide

Slight to moderate

Small,medium,large clasts w/ matrix

74

10/13/2015

n/a

Debris

Flow

Little

Small, medium clasts with some matrix

75

10/13/2015

n/a

Debris

Flow

None/slight to moderate

Small,medium clasts within matrix, incision

76

11/25/2015

n/a

Debris

Flow

Very weathered

Mostly small clasts within tan/orange matrix

77

10/13/2015

n/a

Debris

Flow

Clasts-slight

Small,medium,large clasts

78

10/27/2015

n/a

Debris

Flow

None

Small-medium clasts w/ some matrix

79

10/27/2015

n/a

Debris

Flow/Slide

Slight

Small,medium,large clasts within matrix
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80

10/27/2015

n/a

Debris

Flow

Slight to moderate

Small,medium,large clasts within matrix

81

10/27/2015

n/a

Debris

Flow/Slide

Slight to moderate

Small,medium,large clasts within matrix

82

10/27/2015

n/a

Debris

Flow

Slight

Medium clasts in channel

83

10/27/2015

n/a

Debris

Flow

Slight to moderate

Small,medium,large clasts within matrix

84

10/27/2015

n/a

Debris

Flow

Moderate

Small,medium,large clasts in eroded matrix, older

85

10/14/2016

1916

Debris

Flow

Matrix eroded

Small,medium,large clasts - from NCGS

86

10/14/2016

1916

Debris

Flow

Matrix eroded

Small,medium,large clasts - from NCGS

87

10/14/2016

1916

Debris

Flow

Matrix eroded

Small,medium,large clasts - from NCGS

88

10/14/2016

1916

Debris

Flow

Matrix eroded, clasts-slight

Small,medium clasts - from NCGS

89

10/14/2016

1916

Debris

Flow

Matrix eroded, clasts-slight

Small, medium clasts - from NCGS
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Appendix C
Rockfall Database for Figure 25
FID
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Material Size
Medium-large
Medium-large
Medium
Medium-large
Large
Medium-large
Small-Medium,
pulverized
Medium
Small-medium
Small-medium
Medium
Small-large
Medium-large
Medium-mostly large
Small-large
Medium

Type
Exfoliation
Exfoliation
Exfoliation
Exfoliation
Exfoliation
Exfoliation
Exfoliation
Exfoliation
Exfoliation
Exfoliation
Exfoliation
Exfoliation
Exfoliation
Seismic
Exfoliation
Exfoliation

75

Appendix D
Figure Latitudes and Longitudes
Figure

Latitude

Longitude

2-right

35 26’02.91” N

82 15”10.11” W

2-left

35o26’12.16” N

82o15’25.54” W

3

35o27’02.89” N

82o13’04.26” W

4

35o26’01.39” N

82o14’56.25” W

5

35o26’00” N

82o15’33.55” W

8

35o26’06.77” N

82o15’19.13” W

9

35o26’06.77” N

82o15’19.13” W

10

35o26’00.64” N

82o14’56.74” W

11

35o26’00.64” N

82o14’56.74” W

12

35o26’44.98” N

82o16’28.35” W

13

35o25’49.81” N

82o14’49.09”W

14

35o26’41.62” N

15

35o26’05.7” N

82o15’49.84” W
82o15’19.12” W

16

35o25’49.57” N

82o14’52.54” W

17

35o26’04.72” N

82o15’08.25” W

18

35o26’32.95” N

82o15’59.33” W

19

35o26’44.9” N

82o16’14.33 W

20

35o25’57.19” N

82o14’56.94” W

21

35o25’49.19” N

82o14’52.33” W

o

o
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22

35o26’25.22” N

82o15’23.73” W

23

35o26’24.84” N

82o15’23.80” W

24

35o25’57.25” N

82o14’40.96” W

27

35o26’25.90” N

82o15’23.53” W

28

35o26’26.12” N

82o15’23.43” W

29

35o26’26.33” N

82o15’26.23” W

30

35o26’26.38” N

82o15’28.59” W
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